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Ecological indicators are increasingly used in marine and freshwater management but only few are
developed towards full operationalization with known patterns of variability and documented responses
to natural and anthropogenic environmental drivers. Here, we evaluate potential sources of indicator
variability at two different spatial scales in three coastal ﬁsh-based indicators of environmental status in
the Baltic Sea; abundance of cyprinids, abundance of perch and the proportion of larger perch. The study
was performed on a data set covering 41 monitoring areas subject to different levels of anthropogenic
impact, at a latitudinal range of 56e66

N and a salinity range of 2e8. Interannual variation was clearly
minor relative to spatial variation. Small-scale spatial variation was related to water depth, wave
exposure and water temperature. The remaining variation was assessed in relation to differences in
natural and anthropogenic drivers between monitoring areas. Cyprinids showed a clear inverse rela-
tionship to water transparency, which was used as a proxy for eutrophication, indicating increased
abundances in nutrient enriched areas. None of the indicators showed an expected negative relationship
to the level of coastal commercial ﬁsheries catches. Rather, a positive relationship for Perch suggested
that the coastal ﬁsheries were concentrated to areas with strong perch populations in the studied areas.
The effect of salinity and climate (temperature during the growth season) among monitoring areas were
small. The results emphasize the importance of assigning area-speciﬁc boundary levels to deﬁne good
environmental status in the coastal ﬁsh indicators, in order to account for natural sources of variability.
Further, although long-term monitoring in reference areas is crucial for obtaining a historical baseline,
our results suggest that the status assessment of coastal ﬁsh would generally gain precision by
increasingly including spatially based assessments. We propose that similar analytical approaches could
be applied to other ecosystem components, especially in naturally heterogenic environments, in order to
separate indicator variability attributed to potential anthropogenic impact.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ecological indicators have been increasingly promoted in ma-
rine and coastal management, as a basis for environmental status
assessments and to support management priorities (Borja et al.,
2010; Shin et al., 2010; Tallis et al., 2010). In Europe, the volume
of proposed indicators of environmental status has increased
conspicuously in the past few years, particularly for biotic
ecosystem components, as motivated by the implementation of theultural Sciences, Department
ch, Skolgatan 6, SE-74242,
m).
Ltd. This is an open access article uMarine Strategy Framework Directive and Water Framework
Directive (EC, 2000,2008). However, only few indicators are so far
developed towards full operationalization, meaning that they are
quantitatively deﬁned, assessed in relation to a deﬁned threshold
limit for good environmental status, and that their responses in
relation to main anthropogenic pressures is known (Birk et al.,
2012; Rice and Rochet, 2005). One important pending question
for many proposed indicators is to outline how they respond to
natural versus anthropogenic environmental drivers, including also
the relative importance of spatial and temporal variation (Borja
et al., 2010; Downes, 2010). These aspects are important in order
to assess environmental status at a biologically relevant scale, and
in order to use the indicator-based assessment as a guide towards
relevant management measures.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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coastal ﬁsh-based indicators in the Baltic Sea. Coastal ﬁsh are of
importance for environmental management from several per-
spectives. They contribute to human well-being both directly via
commercial and recreational ﬁsheries, and by supporting the
functioning of coastal food webs (R€onnb€ack et al., 2007; Seitz et al.,
2014). For example, coastal ﬁsh provide a food source for other
species (top predators, piscivorous ﬁsh) and act as consumers
potentially regulating the abundance of lower tropic level taxa
(€Ostman et al., 2016a).
Coastal ﬁsh are here deﬁned as ﬁsh assemblages in shallow
nearshore areas (less than 20 m depth). In the brackish Baltic Sea,
they constitute a mix of freshwater and marine species, although
freshwater species predominate (Ojaveer et al., 2010). Populations
of the predominating species often have limited dispersal distances
(Laikre et al., 2005; Olsson et al., 2011; Saulamo and Neuman,
2002). Hence, they are potentially inﬂuenced by local factors as
well as by environmental changes at larger geographical scales,
highlighting the importance of local management (Bergstr€om et al.,
2016; Olsson et al., 2012; €Ostman et al., 2016b). The abundance and
species composition of coastal ﬁsh assemblages may be locally
inﬂuenced for example by the availability of recruitment and
foraging areas, prey availability and predation patterns (H€arm€a
et al., 2008; €Ostman et al., 2012; Sundblad et al., 2014; Vetemaa
et al., 2010), but also by anthropogenic stressors, such as eutro-
phication and ﬁshing pressure (Bergstr€om et al., 2013; Florin et al.,
2013; Mustam€aki et al., 2014; Snickars et al., 2015). In addition,
when passive capture methods are used, such as gillnets, factors
affecting the activity of ﬁsh will also be inﬂuential, such as for
example water temperature and biotic interactions (Karås and
Thoresson, 1992; Linløkken and Haugen, 2006).
Indicators of environmental status have recently been devel-
oped for the Baltic Sea region to support status assessments in
relation to the Baltic Sea Action Plan and the European Marine
Strategy Framework Directive (EC, 2008; HELCOM, 2007,2013). In
order to achieve coherent assessments over large geographical
scales, a set of regionally agreed core indicators of environmental
status has been identiﬁed, including the two coastal ﬁsh indicators
Abundance of key coastal ﬁsh species and Abundance of Cyprinids
(HELCOM, 2013,2015). Eurasian perch (Perca ﬂuviatilis) is identiﬁed
as a key species in the central and northern Baltic Sea, while Eu-
ropean ﬂounder (Platichtys ﬂesus) is a key species in the south-
western Baltic. With respect to human impact, both species are
expected to be negatively affected by ﬁshing pressure, but poten-
tially also by eutrophication (Ustups et al., 2013). The Abundance of
Cyprinids indicator represents a group of mid-trophic level ﬁsh
species from the carp family (Cyprinidae) that are assumed to
beneﬁt from eutrophication (Ådjers et al., 2006; Snickars et al.,
2015). Cyprinids are generally not targeted by ﬁsheries in the
area (Olsson et al., 2015). In addition, all indicators are expected to
be inﬂuenced by ambient environmental drivers such as climate,
habitat availability and natural predation (see references above).
Analyses of long-term trends in the coastal ﬁsh indicators show
that different trends over time may occur even in adjacent areas,
suggesting that local environmental drivers are inﬂuential, but
synchronicities at larger spatial scale are also seen. For example,
time periods with a high prevalence of increasing or decreasing
trends at regional scale may suggest a common response to large-
scale changes in the environment (Bergstr€om et al., 2016). How-
ever, studies in a larger geographical context have so far not been
conducted to evaluate the responses of the indicators to natural and
anthropogenic environmental drivers.
In the current study, we assess the temporal and spatial vari-
ability in the indicators Abundance of key coastal ﬁsh species and
Abundance of cyprinids and evaluate the indicators responses topotentially inﬂuential environmental drivers at different spatial
scales. The study was based on a large coastal ﬁsh data set sampled
by the same, standardized methodology over a wide latitudinal
range at the Swedish coast of the Baltic Sea, covering various levels
of salinity, nutrient status and ﬁshing pressure. More speciﬁcally,
we aimed to:
i) compare the relative importance of interannual and spatial
variability in the indicators;
ii) relate small-scale local variability in the indicators to natural
environmental drivers (between sites in the same area); and
iii) assess the relative importance of key natural and anthropo-
genic drivers (salinity, temperature during the growth sea-
son, eutrophication and ﬁshing pressure) on indicator
variability among different areas.2. Methods
2.1. Fish data
The study was performed using a coastal ﬁsh data set from the
Swedish coast of the Baltic Sea, covering a latitudinal gradient from
56 to 66N and salinity range of 2e8, including 41monitoring areas
representing different levels of anthropogenic impact (Fig. 1,
Table 1). The areas varied broadly from low levels of human impact
to areas subject to high nutrient loading and maritime activities
(Table 1). Local physiography also varied among areas, although
semi-sheltered archipelago areas were most common. The bottom
type in all sampled areas was typically soft sediment with scattered
pebbles and boulders. All areas were sampled at the same time of
the year (August), which is the season when water temperatures
are highest and target freshwater ﬁsh species are most active
(mainly Percids and Cyprinids). The data set covered the years
2002e2013, in total 7638 observations. Most of the 41 areas were
monitored by 45 stations per year (ranging from 18 to 70 stations)
and each of the areas was sampled between 1 and 12 years
(Table 1). Stations were partly resampled in areas with multiple
years of monitoring, although in some areas new stations were
sampled every year (ns ¼ nn in Table 1).
Fish were sampled using Nordic coastal multimesh gillnets in all
areas (S€oderberg, 2008). These are monoﬁlament nets composed of
nine panels with different mesh sizes. The mesh sizes were
10e60mm in a geometric series with common ratio of 1.25. In total,
the gear is 1.8 m deep and 45 m long (5 m per panel). One gillnet
was set at each station. Each station was ﬁshed one night, from late
in the day to the next morning, in order to cover the timewhen ﬁsh
are most active. Within each area, stations were sampled by depth
stratiﬁcationwithin the 0e3, 3e6, and 6e10 m depth intervals, and
where depth conditions allowed also 10e20 m. The catches were
registered as numbers per species and length group with a preci-
sion of 1 cm. Only ﬁsh above 11 cm length were included in the
analyses, as the gear allowed for quantitative sampling of ﬁsh only
above this length. This was veriﬁed in the analyzed data set by
inspection of plots of catches per length group.
The indicator Abundance of key coastal ﬁsh species (hereafter
“Perch”) was represented by perch in this study. Perch constituted
on average 44% of the total ﬁsh abundance in the studied areas,
with a range 3e86%. In order to more speciﬁcally assess relation-
ships to ﬁshing pressure, we also included the Proportion of larger
perch (25 cm; hereafter “Larger perch”). Perch is an attractive
species for both commercial and recreational ﬁsheries in the Baltic
Sea (Karlsson et al., 2014) and is typically targeted by the ﬁsheries
at a length of 25 cm and above (HELCOM, 2013,2015). Perch above
25 cm constituted on average 11% of these, with a range 0e69%. The
Fig. 1. Location of coastal ﬁsh monitoring areas on the Swedish east coast. Areas are
colored according to estimated anthropogenic impact (cf. Table 1).
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sented by roach, bleak (Alburnus alburnus) and breams (Abramis
brama and Blicca bjoerkna). Other less common cyprinid species
were ide (Leuciscus idus), rudd (Scardinius erythrophthalmus), tench
(Tinca tinca), vimba (Vimba vimba), dace (Leuciscus leuciscus), and
crucian carp (Carassius carassius). The cyprinids constituted on
average 28% of the ﬁsh abundance in the studied areas (range
0e77%). The abundance-based indicators (Perch and Cyprinids)
were expressed as numbers per station. Larger perchwas expressed
as the ratio between the abundance of perch above 25 cm and of all
perch.
2.2. Environmental drivers
The abundances of ﬁsh in the gillnet catches were analyzed in
relation to potential explanatory variables representing ambient
environmental conditions at smaller (stations within monitoring
area) and larger (between monitoring areas) geographical scales.
The smaller scale (102e103 m) represented the scale at which ﬁsh
may adjust their behavior in relation to local environmental drivers,
which may affect their spatial aggregation patterns or activitylevels, and hence their probability of being caught in the gear at a
certain station (Karås and Thoresson, 1992; Linløkken and Haugen,
2006). In this study we used data on water depth, water temper-
ature during ﬁshing and wave exposure measured at each ﬁshing
station. Data on station-speciﬁc water depth (d) and water tem-
perature during ﬁshing (T) was collected in connection to the ﬁsh
monitoring.Water temperaturewasmeasured at the bottomwhere
the nets were set. Information on site-speciﬁc wave exposure was
derived from a digital sea chart using the SimpliﬁedWave Exposure
index (Isæus, 2004) which combines fetch calculations with wind
conditions and also accounts for wave refraction and diffraction
effects. This index has proven useful in describing species distri-
butions in Baltic coastal waters (Snickars et al., 2014; Sundblad
et al., 2011).
The larger spatial scale (between areas) was represented by
variables with small or no variability within one area. This scale
(104e106 m) is larger than typical migration ranges of the study
species (Laikre et al., 2005; Olsson et al., 2011; Saulamo and
Neuman, 2002) and environmental changes were expected to
mainly affect local assemblage structure by effects on population
recruitment, growth and mortality. In this study we included
average water temperature during the main season of growth,
salinity, ﬁshing pressure and level of eutrophication. Area-speciﬁc
information on temperature during the growth season and
salinity were obtained from hydrodynamic model data represent-
ing monthly conditions in the surface layer (0e10 m; www.
vattenweb.smhi.se/; for salinity: JaneDec; for temperature: May-
eAugust). Water transparency was given as the Secchi depth in the
center of each monitoring area, and was measured in August in
connection to the test ﬁshing. Values used were averages for four
different days of measurement in each area. Water transparency
given as summer Secchi depth is a main indicator for eutrophica-
tion in the Baltic Sea and is used for example to follow up on the
eutrophication goals of the Baltic Sea Action Plan (Andersen et al.,
2010; HELCOM, 2007). Although primary productivity is not the
only source of light attenuation in an area, there is a strong rela-
tionship between light attenuation and chlorophyll-a concentra-
tion in thewater column, demonstrating that Secchi depth is a good
indicator of eutrophication status (Fleming-Lehtinen and
Laamanen, 2012).
As proxies of ﬁshing pressure in the study areas, data on com-
mercial ﬁsh catches were used (no direct data on ﬁsheries mortality
were available). The data were obtained from national catch sta-
tistics held by the Swedish Agency for Water and Marine Man-
agement. Data for perch catches within ICES statistical rectangles
corresponding to each studied monitoring area were used. An ICES
statistical rectangle is approximately 55  55 km, and we used
average perch catches per km2 water area during the years
2003e2012 for each monitoring area. The statistics were focused
on perch in order to align with the indicators assessed. Cyprinids
are usually not landed in Sweden, and hence not registered in the
catch statistics (Olsson et al., 2015).
2.3. Data analyses
2.3.1. Relative importance of interannual, small- and large-scale
spatial variability
We investigated temporal and spatial sources of variability for
all three indicators using generalized linear mixed models (GLMM)
ﬁtted by maximum likelihood estimation (Littell et al., 2006). The
abundance-based indicators (Perch and Cyprinids) were analyzed as
Poisson distributed variables, and the proportion-based indicators
(Larger perch) was analyzed as a binomial variable, employing the
standard link functions log and logit, respectively. Sources of vari-
ability were investigated for each of the indicators (I, for the
Table 1
Coastal areas included in the study, sorted by latitude from south to north. “Type” gives a priori estimated level of human impact on each area (REF ¼ reference are for long-
term environmental monitoring, MPA ¼Marine protected area, SPA ¼ Seal protection area, NOF ¼ No-take area, EUT ¼ Area with elevated eutrophication, URB¼Commercial
harbor, heavy maritime trafﬁc, or urban area, OTH ¼ other relatively undisturbed area not subject to long-termmonitoring). These classiﬁcations are for information purposes
only and were not used in the analyses. Columns 3e5: ns ¼ number of stations sampled per year, nn ¼ number of samples over the entire period, Years ¼ years monitored.
Averages and ranges are given for station-speciﬁc values of depth, temperature andwave exposure (SWM), asmeasured in connection to ﬁshing, and for the assessed indicators
Cyprinids, Perch and Larger perch.
Area Type ns nn Years Depth (m) Temp (C) SWM (103) Cyprinids Perch Larger Perch
Torhamn REF 50 462 2002e2013 3.4 (1.5e8.0) 18.1 (8.0e22.4) 76.2 (4.0e386) 14 (0e164) 21 (0e111) 1 (0e12)
Karlshamn URB 33 33 2010 8.0 (3.0e20.0) 15.2 (12.4e18.6) 229 (34.6e398) 3 (0e29) 1 (0e9) 0 (0e4)
Pukaviksbukten OTH 70 70 2006,2009 6.1 (1.5e15.0) 20.0 (19.6e20.7) 205 (4.6e404) 6 (0e30) 6 (0e29) 2 (0e14)
Tromt€ofj€arden OTH 30 30 2009 5.2 (2.0e9.9) 21.6 (20.3e22.5) 19.1 (4.7e39) 11 (0e62) 9 (0e36) 1 (0e5)
Karlskrona V sk€argård URB 44 44 2009 6.4 (2.0e18.0) 19.0 (15.5e20.4) 21.0 (0.8e133) 29 (0e96) 12 (1e33) 1 (0e3)
Eriksberg NOF 26 26 2008 2.8 (1.9e5.0) 18.3 (17.5e19.2) 2.8 (1.1e4.5) 16 (2e45) 9 (0e32) 1 (0e4)
Torsås REF 45 45 2011 6.5 (2.3e15.0) 18.2 (16.7e18.8) 201 (12.2e258) 26 (0e106) 4 (0e13) 0 (0e1)
V€astra Sj€on URB 30 30 2007 2.8 (1.5e4.8) 20.0 (18.4e24.0) 43.1 (1.4e145) 12 (0e42) 10 (0e51) 2 (0e7)
Kaggebofj€arden EUT 30 30 2013 5.4 (2.0e10.0) 18.3 (10.5e20.7) 4.4 (1.1e6.5) 14 (0e42) 16 (1e41) 3 (0e18)
Kv€ad€ofj€arden REF 45 527 2002e2013 5.9 (2.0e13.0) 17.6 (6.1e23.9) 10.7 (1.0e106) 14 (0e141) 14 (0e71) 1 (0e13)
Licknevarpsfj€arden NOF 36 36 2013 5.2 (2.0e9.0) 19.1 (18.0e19.9) 3.8 (1.2e5.2) 7 (0e33) 23 (1e55) 8 (0e32)
K€arrfj€arden 1 MPA 40 40 2006 6.0 (1.5e15.0) 19.1 (8.9e21.0) 61.2 (3.1e509) 18 (0e86) 12 (0e51) 3 (0e14)
K€arrfj€arden 2 MPA 30 30 2013 5.3 (1.8e10.0) 16.1 (11.5e17.8) 11.1 (1.9e55) 15 (0e60) 21 (0e64) 2 (0e9)
Klacksten SPA 27 27 2007 6.6 (2.0e19.0) 15.4 (13.9e15.7) 505 (226e600) 0 (0e1) 1 (0e5) 0 (0e0)
Tr€ann€ofj€arden OTH 30 30 2013 5.4 (2.0e9.8) 16.7 (14.0e19.0) 4.6 (1.8e9.2) 17 (1e38) 17 (3e48) 2 (0e12)
Inre Sl€atbaken EUT 75 75 2011,2013 5.7 (1.6e18.0) 17.8 (8.6e19.3) 5.4 (1.4e8.4) 25 (0e107) 13 (0e50) 2 (0e19)
Inre Bråviken EUT 29 29 2013 5.1 (1.6e9.9) 16.6 (13.0e18.8) 12.8 (4.5e17) 44 (12e96) 8 (1e23) 1 (0e5)
Bråvikens kustvatten OTH 40 40 2009 7.8 (2.0e18.0) 12.2 (8.3e14.8) 64.6 (5.9e240) 2 (0e21) 9 (0e47) 0 (0e4)
O L€on€o OTH 18 18 2013 5.5 (1.7e10.5) 14.3 (8.9e16.6) 16.3 (2.1e52) 36 (0e159) 17 (0e40) 1 (0e3)
Svensksundsviken EUT 30 30 2006 4.7 (1.5e8.0) 19.4 (19.0e20.1) 11.9 (6.6e15) 37 (7e180) 8 (0e25) 0 (0e1)
Ask€ofj€arden REF 48 376 2005e2012 7.5 (2.0e17.0) 16.1 (8.0e20.9) 18.3 (6.6e38) 13 (0e100) 22 (0e80) 1 (0e15)
Nyn€ashamn URB 39 39 2010 7.7 (2.0e19.0) 13.6 (7.6e17.2) 142 (1.4e404) 2 (0e22) 11 (0e39) 1 (0e6)
Askviken REF 45 185 2009e2013 5.6 (2.0e19.0) 17.8 (6.9e21.6) 2.9 (1.5e4.7) 8 (0e36) 12 (0e49) 3 (0e15)
L€annåkersviken NOF 45 190 2009e2013 5.0 (0.8e14.5) 17.5 (10.2e20.7) 4.7 (2.2e7.5) 16 (0e102) 10 (0e39) 2 (0e11)
Vissvassfj€arden MPA 40 160 2004e2013 7.3 (1.5e15.0) 16.0 (6.8e20.8) 4.3 (2.0e6.0) 15 (0e65) 11 (0e37) 2 (0e18)
Lilla V€artan URB 43 43 2011 6.2 (1.2e18.8) 16.8 (12.1e18.9) 7.9 (2.2e14) 34 (0e133) 20 (0e57) 2 (0e8)
Lagn€o REF 45 537 2002e2013 6.6 (2.0e19.0) 16.6 (9.2e22.1) 14.5 (5.7e31.1) 6 (0e54) 21 (0e75) 2 (0e20)
Kumlinge (Åland) REF 47 495 2003e2013 6.3 (1.5e15.0) 17.5 (15.0e20.3) 12.2 (4.7e41.8) 4 (0e80) 26 (0e75) 2 (0e16)
€Osthammarsfj€arden EUT 45 45 2011 4.5 (1.5e9.0) 20.4 (19.0e21.1) 5.8 (2.1e8.2) 26 (0e146) 4 (0e24) 1 (0e7)
Finbo (Åland) REF 45 539 2002e2013 5.7 (1.5e15.0) 17.4 (6.9e23.8) 15.4 (3.9e83) 14 (0e102) 26 (0e96) 3 (0e18)
Gr€as€o MPA 44 44 2012 6.3 (1.5e19.0) 16.7 (13.3e18.0) 82.6 (1.8e313) 14 (0e34) 14 (0e42) 4 (0e10)
Forsmark REF 45 538 2002e2013 5.2 (2.0e9.0) 17.1 (9.4e22.4) 95.1 (7.4e289) 7 (0e43) 21 (0e75) 3 (0e16)
G€avle Yttre fj€ard URB 45 45 2011 6.5 (1.9e14.5) 17.4 (15.9e17.8) 43.9 (1.9e134) 48 (11e123) 17 (0e41) 3 (0e12)
Långvindsfj€arden REF 45 533 2002e2013 7.1 (3.0e20.0) 15.2 (4.4e21.2) 147 (1.3e407) 11 (0e83) 19 (0e99) 1 (0e12)
Gaviksfj€arden REF 45 311 2007e2013 6.7 (2.0e17.0) 16.8 (6.4e21.7) 8.0 (1.2e20) 13 (0e77) 9 (0e50) 1 (0e11)
€Ornsk€oldsviksfj€arden URB 45 45 2011 6.2 (1.8e18.0) 18.5 (17.2e20.3) 6.2 (4.0e8.3) 16 (0e38) 21 (3e42) 4 (0e13)
Norrbyn REF 45 492 2002e2013 7.0 (2.0e20.0) 15.5 (4.5e21.5) 135 (39.0e259) 7 (0e96) 12 (0e89) 0 (0e11)
Holm€on REF 30 358 2002e2013 3.4 (2.0e6.0) 16.9 (11.1e21.3) 31.3 (6.0e203) 9 (0e73) 25 (0e128) 3 (0e16)
Skelleftebukten URB 45 45 2011 6.2 (1.0e19.0) 16.1 (14.8e17.4) 130 (8.9e300) 5 (0e26) 12 (0e59) 1 (0e5)
Kinnb€acksfj€arden REF 45 444 2004e2013 6.7 (2.0e22.0) 14.9 (5.6e20.4) 133 (5.4e348) 0 (0e4) 9 (0e85) 0 (0e7)
Råneå REF 45 522 2002e2013 3.9 (1.0e7.0) 18.8 (10.8e23.0) 16.0 (3.2e22) 25 (0e203) 26 (4e118) 2 (0e14)
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distributions):
Iijk ¼ mijk þ Ai þ SjðAiÞ þ Yk þ Yk  Ai þ eijk (1)
where Ai described the random spatial variation among areas, Sj(Ai)
described the random spatial variation among stations within
areas, Yk described the interannual randomvariation between years
(2003e2012), and YkAi described random changes in the inter-
annual variation among areas. It was not possible to estimate the
interaction YkSj(Ai) due to the relatively low replication at the
station level. Random factors were modelled as variance compo-
nents and used for spatial and temporal sources of variation in
order to quantify their magnitude. The residual variation eijk
described a dispersion factor, since variances of Poisson and bino-
mial variables are given by the mean values.
The mean level at a given station jwithin area i in year k (mijk) in
Eq. (1) was modelled based on a function of station speciﬁc depth
(d), temperature (T) and wave exposure (SWM) using the following
functional expressionmijk ¼ k1$
ﬃﬃﬃﬃﬃﬃﬃ
dijk
q
þ k2$dijk þ k3$Tijk þ k4$log

SWMijk

þ k5$log2

SWMijk

(2)
This is a parametric approximation of the non-parametric model
introduced below (Eq. (3)). It was employed in order to be able to
quantify the magnitude of the random factors. By using a para-
metric approximation for mijk, instead of a non- or semi-parametric
description using generalized additive models (GAM) (Hastie and
Tibshirani, 1990), it was possible to obtain robust estimates for
the variance parameters. This model (Eqs. (1) and (2)) was esti-
mated using PROC GLIMMIX in SAS version 9.3.
2.3.2. Relationship between indicators and environmental variables
at small spatial scale
The above analysis demonstrated that spatial variation between
areas was clearly more important than interannual variation
(Table 2). In the subsequent analyses, temporal variation was
therefore ignored and we modelled the relationships of the three
ﬁsh indicators to potential spatial explanatory variables. Here we
Table 2
Estimated variances of different uncertainty components for the three ﬁsh indicators modelled by GLMM. Cyprinids and Perch were Poisson distributed and
Larger perch was binomial distributed. The standard error of the variance estimates are given in parentheses.
Source Cyprinids Perch Larger perch
Between areas V[A] 0.832 (±0.223) 0.248 (±0.076) 0.431 (±0.135)
Between stations V[S(A)] 0.390 (±0.023) 0.109 (±0.009) 0.189 (±0.018)
Between years V[Y] 0.000 (±0.000) 0.013 (±0.008) 0.000 (±0.000)
Between years and area V[Y  A] 0.153 (±0.022) 0.086 (±0.012) 0.172 (±0.025)
Residual V[e] 6.531 (±0.119) 5.951 (±0.107) 1.413 (±0.026)
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I ¼ marea þ k$T þ sðdÞ þ sðlogðSWMÞÞ þ e (3)
where marea described the mean value of the given indicator in the
41 different areas, k·T described a linear temperature effect (higher
order non-parametric effects were not signiﬁcant), and s(d) and
s(log(SWM)) were two non-parametric cubic smoothing spline
models describing the relationships with depth and the log-
transform of wave exposure. Hence, this model described small-
scale spatial variation at the station level using a combination of
temperature, depth and wave exposure, whereas large-scale spatial
variation was accounted for by 41 area-speciﬁc parameter esti-
mates (marea). Separate marginal relationships for temperature,
depth and wave exposure were computed using the average over
all 41 area-speciﬁc parameter estimates (marea) and average values
for the two other explanatory variables in Eq. (3). This model was
estimated using PROC GAM in SAS version 9.3.2.3.3. Area-speciﬁc means and the assessment of drivers at larger
spatial scale
Based on equation (3), we calculated area-speciﬁc marginal
means for average values of T ¼ 15.9 C, d ¼ 7.4 m and
log(SWM)¼ 8. These area-speciﬁc means accounted for differences
in the measured explanatory variables (T, d and SWM) and allowed
for a direct comparison between areas. Based on the area-speciﬁc
marginal means, we assessed the most important environmental
drivers to explain variation on the larger spatial scale, i.e. differ-
ences in the three ﬁsh indicators between the 41 areas. For this, we
employed GAM (cubic smoothing spline functions) for each of the
three ﬁsh indicators versus the following explanatory variables
individually: salinity, temperature during the growth season, water
transparency and commercial catches. The commercial catches
were log-transformed to ensure a more even spread of data. If the
spline function was not signiﬁcant, testing for a linear relationship
was carried out. This model of area-speciﬁc means was estimated
using PROC GAM in SAS version 9.3.Table 3
Signiﬁcance of explanatory variables in Eq. (3) using GAM relationships for observed
catches of cyprinids and perch as well as the proportion of larger perch. Signiﬁcant
relationships (p < 0.05) for the studied components (linear and spline) are high-
lighted in bold.
Indicator n Temperature Depth Wave exposure
Log(SWM)
P(linear) P(linear) P(spline) P(linear) P(spline)
Cyprinids 7517 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Perch 7517 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Larger Perch 6983 0.0058 <0.0001 <0.0001 0.7716 <0.00013. Results
Among the small-scale environmental drivers (between stations
in each area), the average depth of the ﬁshing stations varied be-
tween 2.8 and 7.8 m, average temperatures were from 12.2 C to
21.6 C, and average wave exposures from 2 800 to 505 000. Perch
and Cyprinids occurred in all areas. However, Larger perch
(25 cm)was not found in one of the areas (Klacksten; Table 1), and
the corresponding indicator value was zero in this area. Cyprinids
showed the strongest variability among areas.
The analyses of sources of variability showed that the residual
variation (dispersion factor) was the largest random source for all
three ﬁsh indicators (Table 2). The Poisson distributed variables
(Perch and Cyprinids) showed an overdispersion about six times
larger than prescribed by the Poisson distribution (i.e. V[I] ¼ E[I]2),
indicating that large variations were unaccounted for. Theoverdispersion for Larger perch was lower (~1.4). Variation be-
tween areas dominated the random variations for all three in-
dicators (Table 2), followed by variation between stations within
areas. The remaining sources of variation were smaller. The inter-
annual variation was not signiﬁcant. This partitioning of variation
showed that it was relevant to include variation among areas in the
subsequent analyzes (Eq. (3)), and that other sources of spatio-
temporal variation could be neglected when station-speciﬁc ef-
fects of temperature, depth and wave exposure were accounted for.
The analyses in relation to environmental variables at small
spatial scales showed that variations in all indicators (Cyprinids,
Perch, Larger Perch) were related to depth, water temperature and
wave exposure (Table 3). Cyprinids increased with temperature
during ﬁshing and declined with increasing depth, whereas local
wave exposure had a relatively smaller inﬂuence (Fig. 2AeC). The
expected Cyprinid abundance (number of ﬁsh per station)
decreased from 12 to 0 over the studied depth range (0.8e22 m)
and increased from 2 to 14 over the studied temperature range
(4e24 C). The change in expected numbers was smaller over the
studied wave exposure range, decreasing from 10 to 5. The abun-
dance of perch displayed a slightly different relationship with
depth. The expected perch abundance increased from 12 per sta-
tion at shallow depths to a peak of 16 around 5 m depth, followed
by a gradual decline towards 2 at the deepest depths (Fig. 2D).
Similar to Cyprinids, the expected abundance of perch increased
with temperature during ﬁshing (from 5 to 25; Fig. 2E). For Larger
perch, indicator values were highest in shallow waters (around
12%), decreasing to 4% at 10 m depth and remaining at this level at
deeper depths (Fig. 2G). The relationship between Larger perch and
temperature was relatively weak (Fig. 2H). Both Perch and Larger
perch showed only a weak relationship to wave exposure. Perch
abundance was highest (~14) at medium levels of wave exposure
and decreased towards both lower and higher levels (Fig. 2F), and
values for Larger perch varied between 7% and 10% over the studied
wave exposure range (Fig. 2I).
Analyses at the larger spatial scale (among areas, Fig. 3) showed
a correlation between Cyprinids and water transparency, so that the
abundance of Cyprinids was higher in areas with lower water
transparency (Table 4, Fig. 4). The indicator showed no correlation
with salinity, temperature during the growth season and a positive
relationship to commercial catches. The variation in Perch among
Fig. 2. Values of Cyprinids (top row), Perch (middle row) and Larger Perch (proportion of perch  25 cm; bottom row) versus depth (left column), temperature (middle column) and
wave exposure (right column). Fish data was binned in different depth, temperature and wave exposure strata to better illustrate the variation in data. Solid lines are the marginal
relationships for the three components (depth, temperature and wave exposure) estimated for an average value of the two other components using the GAM. Dotted lines show the
95% conﬁdence interval of the relationships. Note the different scaling for the three ﬁsh indicators.
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showing a high plateau at Secchi depths between 2 and 6 m, and
lower abundances in areas with lower and higher Secchi depths
(Table 4, Fig. 5). In addition, the indicator Perch showed a negative
relationship to salinity, and a positive relationship to commercial
perch catches. Combining the other potential explanatory variables
with water transparency within the GAM framework did not alter
these ﬁndings (data not shown). Finally, there was no pronounced
spatial pattern for Larger perch, and no strong relationship between
any of the studied variables (Table 4; Fig. 6).
4. Discussion
The current study gives a unique opportunity to address tem-
poral and spatial variability in coastal ﬁsh-based indicators based
on a large dataset and in relation to both natural and anthropogenic
environmental drivers. Our results show that spatial variability was
substantially larger than interannual variability for the studied in-
dicators. A substantial part of the small-scale spatial variation
(among stations within an area) could be explained by natural local
environmental drivers, mainly sampling depth and temperature
during ﬁshing. Variation at the larger scale (among sampling areas)
was primarily related to water transparency, as indicative of
eutrophication status in the studied coastal areas. The inﬂuence of
the natural environmental drivers salinity and temperature duringthe growth seasonwas smaller. The level of commercial ﬁshing had
no decreasing effect on any of the indicators in the studied areas.
The strong inﬂuence of temperature during ﬁshing on the
station-wise catches of perch and cyprinids was expected, since
water temperature is known to regulate the activity level of ﬁsh and
hence their probability of being caught in passive capture gear, such
as gillnets (Karås and Thoresson, 1992; Linløkken and Haugen,
2006). The indicators Cyprinids and Perch both showed higher
values in higher water temperatures. The indicator Larger perch
showed low variation in relation to temperature during ﬁshing,
indicating that perch of different sizes respond in the same way.
The responses to depth showed similar patterns, with generally
higher catches of Cyprinids and perch at shallower stations. The
higher proportion also of Larger perch in shallower waters was
somewhat unexpected, indicating that larger sized perch are more
likely to aggregate at shallower depths than smaller perch. Smaller
perch could be expected to prefer shallower waters where water
temperatures are higher, these having a higher temperature opti-
mum (Karås and Thoresson, 1992). The observed pattern poten-
tially reﬂects size-dependent interactions, where larger perch
prefer to forage at shallower depths, while smaller ﬁsh avoid
shallow waters where predation risk is higher (Ekl€ov and Persson,
1996).
In the analyses of relationships to environmental drivers at the
larger scale (between areas), the indicators showed the strongest
Fig. 3. Area-speciﬁc means of the studied indicators in the studied areas (n ¼ 41); Cyprinids, Perch and Larger perch (Proportion 25 cm). Area-speciﬁc means were calculated to
represent an average temperature during the growth season of 15.9 C, depth of 7.4 m and wave exposure of 2980 m2 s1, in order to enable comparison among areas.
Table 4
Signiﬁcance of GAM relationships between area-speciﬁc means for the indicators Cyprinids, Perch and Large perch versus environmental variables. Signiﬁcant relationships
(p < 0.05) for the studied components (linear and spline) are highlighted in bold. The variable Commercial catches was log-transformed.
Environmental variable n Cyprinids Perch Larger perch
P(linear) P(spline) P(linear) P(spline) P(linear) P(spline)
Growth season temperature 39 0.3466 0.3762 0.0675 0.6265 0.6295 0.6603
Mean annual salinity 39 0.9227 0.2589 0.0366 0.1903 0.9865 0.6368
Water transparency 40 0.0002 0.2708 0.5376 <0.0001 0.1215 0.2518
Commercial catches 41 0.0354 0.4742 0.0443 0.1287 0.7233 0.4604
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eutrophication level. Nutrient statusmay affect the ﬁsh populations
via altering the preconditions for growth as a result of changes in
prey abundance, as well as through changes in species interactions,
where feeding success rates or predator avoidance behavior is
affected by water transparency (Bergstr€om et al., 2013; Ljunggren
and Sandstr€om, 2007; Persson et al., 1991; Sandstr€om and Karås,
2002). In particular, Cyprinids showed elevated abundances in
areas with low water transparency, whereas the abundance of
perch was highest in areas with intermediate water transparency.
This is consistent with previous analyses of habitat preferences of
juvenile stages of roach and perch (Bergstr€om et al., 2013; Sundblad
et al., 2011), where recruitment areas of roach (a dominating
Cyprinid species in the region) are characterized by more turbid
water than those of perch. A likely explanation to these differences
may be that deteriorating visual conditions and changes in food
availability give juvenile cyprinids a competitive advantage over
juvenile perch (Ljunggren and Sandstr€om, 2007; Persson and
Greenberg, 1990; Sandstr€om and Karås, 2002). The decreased
abundances of perch in very high water transparency conditions
observed in our study may reﬂect the fact that such areas often
coincide with a poor availability of suitable recruitment areas, for
example at open coastlines without sheltered bays (Ljunggren
et al., 2010).The indicators showed no negative relationship to commercial
catches, suggesting that commercial ﬁshing is not regulating the
studied populations of perch. No relationship between commercial
catches and Cyprinids was expected, due to the low commercial
value of Cyprinid species in Sweden (Olsson et al., 2015). For Perch,
a negative relationship could have been expected with decreased
ﬁsh populations in heavily ﬁshed areas (Bergstr€om et al., 2007;
Florin et al., 2013; Murawski, 2000; Mustam€aki et al., 2014).
However, the results showed a positive relationship between perch
abundance and commercial ﬁsh catches, probably reﬂecting that
the coastal commercial ﬁshery is concentrated to areas with strong
stocks of perch (Sundblad et al., 2014).
The studied indicators showed no relationship to variability
among areas in temperature during the growth season. This result
contrasts with other studies on the temporal development of
coastal ﬁsh within monitoring areas, where an inﬂuence of climate-
related variables, particularly temperature is seen (Olsson et al.,
2012; €Ostman et al., 2016b). Increased temperatures may be ex-
pected to enhance reproductive success and growth rate (Karås and
Thoresson, 1992), but the importance of this aspect was relatively
small at the spatial scale of this study. The result may reﬂect that
both perch and cyprinids are well adapted to the studied latitudinal
gradient. For salinity, however, a slight negative effect was seen on
Perch, probably reﬂecting natural physiological responses of this
Fig. 4. Estimated area-speciﬁc geometric mean of Cyprinids versus Temperature during the growth season (A), Salinity (B), Water transparency (C) and Commercial catches (D).
Signiﬁcant GAM relationships (cf. Table 4) are shown with solid lines and dotted lines mark the 95% conﬁdence interval for the relationships.
Fig. 5. Estimated area-speciﬁc geometric mean of Perch versus Temperature during the growth season (A), Salinity (B), Water transparency (C) and Commercial catches (D).
Signiﬁcant GAM relationships (cf. Table 4) are shown with solid lines and dotted lines mark the 95% conﬁdence interval for the relationships.
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Fig. 6. Estimated area-speciﬁc geometric mean of Larger Perch (Proportion >24 cm) versus Temperature during the growth season (A), Salinity (B), Water transparency (C) and
Commercial catches (D). There were no signiﬁcant GAM relationships (cf. Table 4).
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Although previous studies have investigated relationships be-
tween coastal ﬁsh and environmental drivers (Florin et al., 2013;
Mustam€aki et al., 2015; Mustam€aki and Mattila, 2015; Olsson
et al., 2012; Snickars et al., 2015), they have typically covered
relatively limited geographical areas and environmental ranges.
Larger scale studies of indicators responses are often limited by a
lack of coherent data covering adequate environmental gradients
(Argillier et al., 2013). The scope of the current study was enabled
by dedicated monitoring efforts in 2011 and 2013, which supple-
mented the regular environmental monitoring of coastal ﬁsh with
data from areas subject to human impact so that a wider range of
natural and anthropogenic drivers could be studied together.
Despite this, a large source of variation remained unaccounted for.
In future studies, a primary objective would be to map additional
natural and anthropogenic variables to improve our understanding
of factors affecting the indicators.
We focused our study on the relative effects of eutrophication
and commercial ﬁsheries on coastal ﬁsh communities, which are
among the main anthropogenic pressures in the Baltic Sea
(HELCOM, 2010,2013). In addition, the availability of suitable
recruitment areas would have been of interest to explore, as a
variable potentially affecting ﬁsh productivity (Sundblad et al.,
2014). From the perspective of ﬁsh mortality, differences in the
abundance of natural top predators, such as cormorants and seals
could potentially have contributed further to explaining variability
among areas (Gårdmark et al., 2012; €Ostman et al., 2012; Vetemaa
et al., 2010), as well as the spatial distribution of recreational
ﬁshing. Recent studies show that coastal commercial ﬁshery
constitutes only a minor part of the total expected ﬁsh mortality in
the coast, and for perch, about 90% of the total catches has been
estimated to be taken by recreational ﬁsheries (Karlsson et al.,2014). Data on these three environmental data sets were howev-
er not available at the geographical range of this study, but only for
smaller parts. Hence, evaluating their inﬂuence on the ﬁsh-based
indicators remains a topic for further study. Last, the variable
commercial ﬁsheries was based on catches data in our study,
rather on direct estimates of ﬁshing mortality. The latter would
have given a more accurate estimate on ﬁshing pressure but were
not possible to obtain. Another potential weakness of the catch
data is that they were representative for a larger area (around
3000 km2) than the actual area for coastal ﬁsh monitoring (usually
10e20 km2) and did not reﬂect any potential spatial variability
within each rectangle.
Spatial variation was clearly larger than temporal variation in
the studied indicators, which was probably explained by stronger
environmental gradients on the spatial than on the temporal scale.
The results suggest that, although long-term monitoring in refer-
ence areas is crucial for obtaining a historical baseline (Pauly, 1995;
Pinnegar and Engelhard, 2008), the status assessment of coastal
ﬁsh would generally gain in adequacy by increasing the spatial
coverage. The high small-scale variability in indicator values
observed within areas, driven by environmental drivers that are
typically highly variable among stations (here; depth, temperature
and wave exposure) also emphasizes the importance of assigning
area-speciﬁc boundary levels for good environmental status, rather
than relying on generalized values. The current study shows how
small-scale variation in natural environmental variables can be
identiﬁed and corrected for in order to make indicator estimates for
different areas comparable with each other. We propose that
similar analytical approaches could also be applied to other
ecological indicators in naturally heterogenic environments, in or-
der to separate natural local variation from variation potentially
attributed to anthropogenic impact.
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